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Abstract 

Nickel  hydroxide  films  were  coprecipitated  with  the  additives  Cd(OH)2,  Co(OH)2,  and  Zn(OH)2  by  galvanostatic  electrodeposition 
process.  The  effects  of  the  Cd(OH)2,  Co(OH)2,  and  Zn(OH)2  additions  on  electrode  properties  such  as  charge-discharge,  reversibility  of  the 
electrode  reaction,  espectroelectrochemical  behavior,  superficial  morphology  by  atomic  force  microscopy  (AFM)  images,  were  studied.  An 
anomalous  coprecipitation  of  Zn(OH)2  was  observed.  The  different  concentration  of  zinc  nitrate  on  the  solution  affects  the  amount  of  zinc 
hydroxide  found  on  the  film;  this  behavior  must  be  attributed  to  the  differences  on  the  solubility  products  (Aps)  of  the  nickel  and  zinc 
hydroxides  and  also  to  the  remarkable  zinc  amphoteric  character.  All  additives  studied  displaced  the  oxygen  evolution  reaction  (OER)  to 
more  positive  values,  and  reduced  the  difference  between  the  oxidation  and  reduction  peaks  (Ni(II)/Ni(III)),  leading  to  an  augmentation  of 
the  process  reversibility.  However,  a  significant  loss  on  the  electrode  efficiency  was  observed  for  composite  films  with  zinc.  Lithium 
hydroxide  solution  as  electrolyte  showed  an  augmentation  of  the  difference  between  the  peak  potential  for  the  oxidation  process  and  the 
oxygen  evolution  reaction,  and  also  increased  the  reversibility  of  the  redox  nickel  process.  AFM  images  showed  similar  superficial 
morphologies  for  nickel  hydroxide  films  and  films  with  cobalt;  on  the  other  hand,  films  containing  cadmium  and  zinc  showed  an 
inhomogeneous  morphology.  Nickel  hydroxide  Him  shows  a  differentiated  spectroelectrochemical  behavior  when  compared  with  composite 
films.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

Nickel  hydroxide  is  commonly  used  as  an  active  material 
for  nickel  positive  electrodes  in  Ni-based  rechargeable 
batteries  [1-6],  electrochromic  devices  [7],  and  as  promising 
catalysts  for  oxygen  evolution  reaction  (OER)  [8,9].  Some 
properties  of  nickel  hydroxide  electrodes  (such  as  high 
power  density,  very  good  cyclability,  and  high  specific 
energy)  have  made  them  very  viable  for  an  extended  range 
of  applications.  It  is  reported  that  there  are  four  phases 
produced  over  the  lifetime  of  a  nickel  hydroxide  electrode, 
namely  oc-Ni(OH)2,  y-NiOOH,  (1-NiOOH,  and  P-Ni(OH)2 
and  the  electrochemical  reactions  of  nickel  hydroxides  can 
be  shown  simply  by  [10] 

oc-Ni(OH),  <=>  y-NiOOH 

i  T 

P-Ni(OH),  p-NiOOH 
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In  a  battery  application,  a  y  cycling  has  a  couple  of 
advantages  over  P  P  cycling.  First,  more  electrons  are 
exchanged  per  nickel  atom  in  the  a  y  cycling,  because  the 
oxidation  state  of  nickel  in  y-NiOOH  is  higher  than  that  of  p- 
NiOOH  [11.12].  The  formation  of  y-NiOOH  is  associated 
with  the  volume  expansion  or  swelling  of  the  nickel  hydro¬ 
xide  electrode.  The  phase  change  from  P-NiOOH  to  y- 
NiOOH  can  be  correlated  to  a  44%  increase  in  volume 
[13,14].  Kamath  et  al.  reported  that  a  stabilized  ot-Ni(OH)2 
electrode  has  a  much  larger  charge  capacity  than  a  p- 
Ni(OH)2  electrode  [12], 

Second,  on  prolonged  charging,  P-NiOOFI  is  known  to  be 
converted  to  y-NiOOH,  causing  a  mechanical  deformation 
which  results  in  an  irreversible  damage  to  the  electrode  [15]. 
On  the  other  hand,  a-Ni(OH)2  can  be  cycled  to  y-NiOOH 
reversibly  without  any  mechanical  deformation  [11,12]. 
Therefore,  a-Ni(OH)2  is  expected  to  be  a  better  electroactive 
material  for  a  high-performance  nickel  positive  electrode. 

The  presence  of  certain  metal  cations  in  hydrated  nickel 
oxides  and  oxyhydroxides,  generically  referred  as  nickel 
hydrous  oxides,  can  strongly  affect  the  electrochemical 
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characteristics  of  this  interesting  electrode  material  [2]. 
Cobalt,  cadmium,  and  zinc  are  commonly  used  as  beneficial 
additives  in  nickel  battery  electrodes  [16-21].  The  addition 
of  several  percent  of  additives  such  as  Cd,  Co,  and  Zn  to  the 
nickel  hydroxide  is  a  very  effective  method  of  suppressing 
the  formation  of  y-NiOOH  [22],  Although,  there  are  numer¬ 
ous  studies  on  these  topics,  the  results  are  still  not  complete. 

In  the  present  work,  thin  nickel  hydroxide  films  were 
prepared  by  electroprecipitation.  The  influence  of  the  copre¬ 
cipitated  additives  such  as  Cd(OH)2,  Co(OH)2,  and  Zn(OH)2 
in  different  percentages  on  the  characteristics  of  the  elec¬ 
trodes  was  also  studied  for  the  purpose  of  increasing  the 
electrochemical  activity  of  the  active  material,  and  two 
electrolytes  were  used,  KOH  and  LiOH.  Atomic  force 
microscopy  (AFM)  images  of  the  electrode  were  obtained 
revealing  the  superficial  morphology  changes  for  different 
composite  films.  Moreover,  espectroelectrochemical  mea¬ 
surements  were  carried  out  showing  the  effect  of  the  addi¬ 
tives  on  films  electrochromic  behavior. 


2.  Experimental 

2.1.  Film  deposition 

Composite  films  were  prepared  by  cathodic  electrodeposi¬ 
tion  from  a  0.01  mol/1  Ni(N03)2  solution  with  different 
amounts  of  M(N03)2,  where  M  =  Co2+,  Cd2+,  and  Zn2+. 
The  proportion  of  M  used  was  5  and  10%  in  solution.  Deposi¬ 
tion  was  carried  out  galvanostatically  by  the  application  of 
a  current  density  of  —0.1  mA/crn2  for  200  s  (20  mC/cm2). 

2.2.  Substrates 

Substrates  were  glass  pieces  (1.0  cm  x  3.0  cm)  with  a 
conductive  coating  of  ITO  (Delta  Technologies,  R  <  20  Q/ 
□  ).  Prior  to  use,  substrates  were  degreased  by  cleaning  with 
detergent  soap  and  acetone,  subsequently  rinsed  with  dis¬ 
tilled  water.  A  pretreatment  of  the  substrate  was  performed 
by  applying  a  current  (~2  mA/cm2)  for  10  s  in  a  1  mol/1 
NaOH  aqueous  solution.  This  procedure  leads  to  more 
homogenous  electrodeposited  films. 

2.3.  Spectroelectrochemical  cell  and  electrodes 

Working  electrodes  were  placed  in  a  rectangular  acrylic 
cell.  The  counter  electrode  was  a  platinum  wire  and  all 
potentials  were  referred  to  saturated  calomel  reference 
electrode  (SCE).  The  cell  contained  about  50  ml  of 
1  mol/1  KOH  electrolytic  solution  prepared  from  analytical 
grade  KOH  and  purified  water  (Elga  System  UHQ). 

2.4.  Instrumentation 

Electrochemical  measurements  were  performed  under 
potentiodynamic  and  potentiostatic  conditions  with  a 


potentiostat  Autolab  PGSTAT  30  by  Ecochimie,  The  electric 
charge  was  recorded  simultaneously  with  the  change  of 
monochromatic  or  polychromatic  transmittance,  which 
was  followed  by  placing  the  electrochemical  cell  in  the 
optical  pathway  of  a  HP8453  diode  array  spectrophotometer. 

Films  and  solutions  chemical  compositions  were  obtained 
using  an  inductively  coupled  plasma  atomic  emission  spec¬ 
trophotometer  (ICP-AES;  Spectroflame  Modula  Segmental- 
Spectro  Co.  equipment).  All  ICP-AES  determinations  were 
performed  by  triplicate. 

The  AFM  measurements  were  carried  out  at  room  tem¬ 
perature  and  room  humidity,  using  a  TopoMetrix  2010 
instrument.  The  non-contact  mode  was  used  for  taking 
topographic  images.  The  amplitude  frequencies  were  around 
340  kHz.  A  7  pm  scanner  and  commercial  etched  silicon  tips 
were  employed  during  the  morphology  evaluations.  The 
mean  spring  constant  of  the  tips  was  34.0-58.0  N/m,  the 
length  was  120  pm,  and  the  tip  ends  were  about  10-15  nm  in 
diameter.  The  samples  were  attached  to  the  sample  holder 
with  conductive  carbon  double-side  tape.  The  images  are 
mainly  raw  data  except  that  in  some  cases,  minor  flatness 
and  tilt  corrections  have  been  made.  The  working  tempera¬ 
ture  during  electrochemical  experiments  was  25°C. 

3.  Results  and  discussion 

3.1.  Chemical  composition  of  nickel  hydroxide  films 

Electrochromic  mixed  hydroxide  films  were  deposited  by 
cathodic  deposition  from  mixed  metal  nitrate  solutions.  In 
this  process  [23,24],  the  reduction  of  nitrate  to  ammonium 
produces  hydroxyl  ions,  increasing  the  pH  at  the  electrode 
surface.  By  this  way,  metal  ions  will  react  to  precipitate 
metal  hydroxides  according  to  the  following  reactions: 

NK>T  +  7H20  +  8e~  ->  NH4+  +  10OH~  (1) 

M"+  +  nOH~  -►  M(OH)„  (2) 

where  M"+  is  Ni2+  or  Co2+,  Cd2+,  and  Zn2+.  The  amount  of 
additive  in  the  deposition  solution  used  was  5  and  10%  in 
order  to  obtain  different  film  compositions,  once  the  elec¬ 
trochemical  and  optical  properties  strongly  depend  on  the 
amount  of  these  additives.  The  chemical  compositions  of  the 
solution  before  electrodeposition  were  determined  by  ICP- 
AES  and  are  shown  in  Table  1.  A  small  difference  can  be 


Table  1 

Chemical  composition  of  the  nickel  nitrate  solutions  plus  additives 


Additive 

Additive  calculated  (%) 

Additive  determined  (%) 

Cd 

5 

3.3  ±  0.2 

Cd 

10 

7.6  ±  0.4 

Co 

5 

4.2  ±  0.2 

Co 

10 

9.6  ±  0.5 

Zn 

5 

7.6  ±  0.4 

Zn 

10 

12.0  ±  0.6 
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Table  2 

Chemical  composition  of  the  nickel  hydroxide  films  plus  additives 


Additive 

Additive  expected  (%) 

Additive  determined  (%) 

Cd 

3.3 

2  ±  1 

Cd 

7.6 

7  ±  1 

Co 

4.2 

5  ±  1 

Co 

9.6 

6  ±  1 

Zn 

7.6 

1.0  ±  0.4 

Zn 

12.0 

47  ±  2 

observed  between  the  values  calculated  and  those  deter¬ 
mined.  These  differences  are  due  to  errors  during  manipula¬ 
tion  of  the  reagents,  different  salt  hydration,  and  others. 

After  the  electrodeposition  of  the  films,  new  ICP-AES 
experiments  were  carried  out  to  confirm  the  real  composi¬ 
tion  of  the  films.  The  measurements  were  done  by  dissolving 
the  film  in  5  ml  of  concentrated  nitric  acid.  The  results  are 
showed  in  Table  2. 

A  slight  difference  can  be  observed  between  the  values  of 
the  real  chemical  composition  in  the  precursor  solutions 
(Table  1)  and  those  observed  in  the  films  with  the  additives 
Cd  and  Co.  This  fact  could  be  related  to  the  different 
solubility  products  ( Kps )  of  the  hydroxides:  /fps[Ni(OH)2] 
=  5.47xlO-16;fs:pS[Cd(OH)2]=5.27xlO-15;Xps[Co(OH)2] 
=  5.92  x  1CT15  [25].  As  it  is  observed,  the  Kps  values  for  the 
additives  are  bigger  than  nickel  hydroxide’s  one;  so  that,  the 
preferential  deposition  of  Ni(OH)2  related  to  the  additives 
would  be  expected.  Experimental  results  showed  in  Table  2 
confirm  this  statement. 

A  particular  behavior  is  observed  for  the  composition 
determined  in  the  films  with  Zn  as  additive.  When  the 
precursor  solution  contains  7.6%  Zn,  the  resulting  electro- 
deposited  film  has  just  a  small  amount  of  1.1%  Zn  in 
its  composition.  Once  the  value  of  A'ps[Zn(OH),]  =  5.24 
x  10  24 ,  that  is  to  say,  at  least  eight  magnitude  order  smaller 
than  the  value  of  nickel  hydroxide  Kps,  a  huge  precipitation 
of  zinc  hydroxide  instead  of  nickel  hydroxide  should  be 
expected.  As  mentioned  before,  on  the  interface  between 
substrate  and  solution,  during  the  electrodeposition  of  the 
hydroxides,  the  pH  increases  drastically  due  the  reduction  of 
nitrate  to  ammonium  producing  hydroxyl  ions,  reaction  (1), 
and  it  is  expected  that  the  precipitation  of  the  hydroxide  in 
the  case  of  Zn  is  as  follows: 

Zn2+  +  20H~  ?±Zn(OH)2  (g)  (3) 

If  the  increase  of  surface  OH-  concentration  is  very  high,  the 
well-known  amphoteric  character  of  zinc  should  lead  to  the 
formation  of  soluble  species  such  as  [Zn(OH)4]^ ,  as  shown 
in  the  following  reaction  (4): 

Zn2+  +  40H~  *±  [Zn(OH)4]2aq)  (4) 

As  it  can  be  observed  from  ICP-AES  results,  the  amount  of 
zinc  is  very  low  from  that  we  should  expect,  and  the 
precipitation  of  the  zinc  hydroxide  is  not  occurring  due  to 
the  soluble  complex  formation. 


On  the  other  hand,  an  increase  of  the  Zn  concentration  in 
the  solution  leads  to  a  resulting  film  with  large  amount  of  Zn. 
In  this  case,  increasing  the  amount  of  zinc  in  the  solution  and 
consequently,  in  the  interface,  the  formation  of  soluble 
species  is  reduced  and  the  preferential  precipitation  of  the 
hydroxide  takes  place.  Additionally,  the  big  difference 
between  zinc  and  nickel  hydroxide’s  Kps  would  explain 
the  deposition  of  zinc  hydroxide  in  a  bigger  amount  than 
nickel  hydroxide,  leading  to  a  final  film  composition  corre¬ 
sponding  to  a  mixture  of  zinc  and  nickel  hydroxide  in  the 
proportion  of  1:1. 

3.2.  Surface  image 

The  AFM  surface  images  of  nickel  hydroxide  electrodes 
without  additives  and  composite  films  with  7%  Cd,  6%  Co, 
and  47%  Zn  are  shown  in  Fig.  1.  Deposits  containing  Co  as 
additive  (Fig.  1(B))  produces  homogenous  films.  When  this 
film  is  compared  with  the  nickel  hydroxide  one  (Fig.  1(A)), 
even  a  homogeneous  surface  morphology  can  be  observed 
and  it  presents  some  particular  differences  from  the  nickel 
hydroxide  without  additives  electrode  image.  Also,  from 
the  images  can  be  inferred  that  a  strong  physical  interaction 
exists  between  the  individual  components  and  conse¬ 
quently  the  formation  of  a  solid  solution,  as  suggested 
in  the  literature  [26].  It  is  also  well  known  that  the 
coelectrodeposition  of  Ni  and  Co  hydroxides  generates  a 
mixed  single-phase  metal  hydrous  oxide  in  which  Co  ions 
occupy  Ni  sites  in  the  lattice,  and  not  two  intermixed 
phases,  each  consisting  of  a  single  metal  hydrous  oxide 
[27],  Also,  this  excellent  interaction  between  Ni  and  Co 
hydroxides  could  be  explained  by  some  similarities  of 
these  two  elements:  not  only  the  ionic  radii  is  very  close 
(0.69  A  for  Ni2+  and  0.63  A  for  Co2+  [25]),  but  also  the 
bond  strengths  of  the  cations  with  the  oxygen  (382.0  and 
384.5  kJ/mol  for  Ni-O  and  Co-O  [25],  respectively)  are 
also  similar. 

Fig.  1(C)  and  (D)  shows  the  micrographs  of  films  contain¬ 
ing  7%  Cd  and  47%  Zn,  respectively.  These  films  were  found 
to  consist  of  conformal  sections  covered  by  large  number  of 
distinctly  bright,  globular-type  features,  separated  by  shar¬ 
ply  defined  crevices.  Remarkable  differences  can  also  be 
observed  on  the  properties  of  the  Cd  and  Zn  cations  com¬ 
pared  with  Ni  ones:  not  only  the  ionic  radii  of  the  additives 
(0.74  A  for  Zn2+  and  0.97  A  for  Cd2+  [25])  are  very 
different  from  ionic  radius  of  nickel  cation  (0.69  A  for 
Ni2+  [25]),  but  also  bond  strengths  of  the  cations  with 
oxygen  (270.7,  235.6,  and  382.0  kJ/mol  for  Zn-O,  Cd-O, 
and  Ni-O  [25],  respectively).  These  features  could  result  in 
different  morphologies  that  could  be  related  to  low  interac¬ 
tion  between  nickel  sites  and  those  of  the  additives.  AFM 
images  of  composite  films  with  Zn  and  Cd  as  additives 
clearly  show  a  less  compact  structure  leading  to  a  higher 
active  area  of  these  electrodes  that  should  affect  optical  and 
electrochemical  behavior.  The  morphology  and  structure  of 
the  nickel  hydroxide  films  displayed  a  particular  role  on  the 
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Fig.  2.  Cyclic  voltammograms  for  nickel  hydroxide  and  composite  of 
various  composition  electrodes  electrodeposited  on  ITO  in  1  mol/1  KOH 
solution  (scan  rate:  10  mV/s).  The  first  cycle  of  each  electrode  was 
recorded:  (— )  Ni(OH)2  film;  (- - -)  Ni(OH)2  +  4.6  wt.%  Cd(OH)2 

composite  film;  ( - )  Ni(OH)2  +  2.3  wt.%  Co(OH)2  composite  film; 

(■  ■  ■)  Ni(OH)2  +  1.1  wt.%  Zn(OH)2  composite  film. 


charge/discharge  behavior,  affecting  the  proton  diffusion 
coefficient  value,  D,  and  consequently  producing  differences 
on  the  films  behavior  [28], 

3.3.  Electrochemical  properties 

3.3.1.  Cyclic  voltammograms 

The  electrochemical  behavior  of  the  Ni(OH)2  electrode 
has  been  extensively  investigated  [29-31].  A  cyclic  voltam- 
mogram  for  Ni(OH)2  prepared  by  electrochemical  deposi¬ 
tion  is  shown  in  Fig.  2.  The  two  current  peaks  at  0.533  and 
0.053  V  correspond  to  the  redox  couple  Ni(II)/Ni(III).  The 
overall  electrode  reaction  constitutes  the  basis  for  the  opera¬ 
tion  of  the  Ni  oxide  electrode  in  rechargeable  battery 
application  [31]  and  it  can  be  described  as 

Ni(OH)2  +  OH  ?±NiOOH  +  H20  +  e~  (5) 

Figs.  2  and  3  show  cyclic  voltammograms  for  different 
composite  electrodes  obtained  in  the  first  cycle.  The  experi¬ 
mental  results  relating  the  profile  of  the  voltammograms  are 
outlined  in  Table  3.  The  reversibility  of  the  electrode 
reaction  can  be  measured  by  the  difference  ( Eo  —  Er) 
between  the  oxidation  potential  ( EQ )  and  the  reduction 
potential  (ER).  However,  the  efficiency  of  the  electrode 
could  be  related  to  the  accomplishment  of  a  full  reduction 
of  the  film,  plainly  the  oxidation  charge  ( Qq )  must  be  the 
same  of  the  reduction  charge  (<2r),  consequently  the  ratio 
Qq/Qr  is  close  to  1.  On  the  other  hand,  if  the  reduction 
charge  is  smaller  than  the  oxidation  charge,  a  loss  in  the 
efficiency  is  observed  and  a  deviation  from  1  is  obtained  in 
the  ratio  Qq/Qr.  It  can  be  seen  from  Table  3  that  the 
reversibility  for  electrode  reaction  is  significantly  improved 
by  the  additions  of  Co,  Cd,  and  Zn.  Particularly,  the 
electrode  with  2%  Cd  shows  the  lowest  oxidation  potential 


Fig.  3.  Cyclic  voltammograms  for  nickel  hydroxide  and  composite  of 
various  composition  electrodes  electrodeposited  on  ITO  in  1  mol/1  KOH 
solution  (scan  rate:  10  mV/s).  The  first  cycle  of  each  electrode  was 
recorded:  (— )  Ni(OH)2  film;  (- - -)  Ni(OH)2  +  5.6  wt.%  Cd(OH)2 

composite  film;  ( - )  Ni(OH)2  +  6.8  wt.%  Co(OH)2  composite  film; 

(■  ■  ■)  NifOH)0  +  47.0  wt.%  Zn(OH)2  composite  film. 


and  the  most  reversible  behavior.  Also  Zn  addition  pro¬ 
motes  a  diminution  of  the  difference  Eo  —  Er,  implying  a 
good  reversibility,  but  the  ratio  Qo/Qr  has  a  large  deviation 
from  1,  indicating  a  drop  in  the  charge  efficiency  of  the 
electrode. 

A  large  difference  (Foe  —  Eo)  between  the  oxygen  evo¬ 
lution  (Foe)  and  the  oxidation  potentials  (/+,)  is  beneficial 
for  nickel  electrodes.  Although,  the  oxygen  evolution  reac¬ 
tion  shifts  to  less  positive  values,  the  difference  (Foe  —  Eo) 
became  bigger  for  the  composite  films  than  pure  nickel 
hydroxide  ones.  Overwhelmingly  the  additives  support  an 
increase  in  the  difference  between  Eoe  and  Eo  and  allow  the 
electrodes  to  be  fully  charged,  that  means  the  complete 
oxidation  of  Ni2+  to  Ni3+  [32].  Consequently,  long  cyclabil- 
ity  and  larger  capacity  are  properties  that  should  be  expected 
for  electrodes  containing  additives.  From  the  values  sum¬ 
marized  in  Table  3,  it  can  be  seen  that  the  best  electrode 
performance  is  shown  for  films  with  3%  Cd.  Since  the 
difference  (Eqe  —  Eo)  is  the  largest  observed  and  also  this 

Table  3 

Oxidation  potential  (Eo),  reduction  potential  (Er),  oxygen  evolution 
potential  (£oe)>  the  difference  between  Eo  and  £r.  the  difference  between 
£oe  and  E0,  and  the  ratio  between  the  oxidation  and  reduction  charges  ( Qo 
and  <2r,  respectively)  for  various  composite  nickel  electrodes 


Additive 

Additive 

(%) 

Potential  values  (V) 

Eo 

Er 

Eoe 

Eo  —  Er 

Eoe  — 

Eo  Qo/Qr 

Ni 

Pure 

0.533 

0.053 

0.589 

0.480 

0.056 

0.97 

Cd 

2 

0.372 

0.209 

0.483 

0.163 

0.111 

0.99 

Cd 

7 

0.482 

0.131 

0.538 

0.351 

0.056 

1.03 

Co 

5 

0.465 

0.066 

0.524 

0.399 

0.059 

0.95 

Co 

6 

0.387 

0.111 

0.462 

0.276 

0.075 

0.98 

Zn 

1 

0.436 

0.271 

0.487 

0.165 

0.051 

1.63 

Zn 

47 

0.44 

0.288 

0.502 

0.152 

0.062 

1.97 
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electrode  shows  the  smallest  value  of  Eo  —  £r,  confirming  a 
great  reversibility  of  the  redox  process. 

3.3.2.  Cycle  life 

The  durability  of  the  electrodes  could  be  followed  by  the 
number  of  charge  and  discharge  cycles.  As  should  be 
expected,  the  cycle  lives  of  the  electrodes  are  related  to 
the  chemical  nature  of  the  additives  and  the  longest  cycle  life 
was  achieved  for  the  electrode  containing  7%  Co24  additive. 
For  these  composite  films,  after  200  charge-discharge 
cycles,  the  electrode  still  retained  10%  of  its  initial  capacity, 
a  higher  value  than  that  for  any  other  electrode  that  retained 
only  5%  or  less  of  the  initial  capacity. 

3.3.3.  The  electrolyte  effect 

With  the  aim  of  investigating  the  effect  of  the  electrolyte 
on  the  composite  nickel  electrode  behavior,  different  com¬ 
posite  films  were  cycled  in  a  1 .0  mol/1  LiOH.  Figs.  4  and  5 
show  the  cyclic  voltammetry  of  the  films  with  additives  in 
LiOH  solution  and  the  electrochemical  results  are  summar¬ 
ized  in  Table  4.  Remarkable  changes  are  observed  regarding 
reversibility  of  the  electrodes  when  the  electrolyte  is  chan¬ 
ged  to  LiOH;  specifically,  the  difference  Eo  —  £r  became 
smaller  with  the  change  of  the  electrolyte,  this  fact  is 
assigned  to  the  retained  lithium  by  the  active  material  and 
consequently  formation  of  a  new  composite  where  the 
lithium  plays  a  role  as  an  additive  [33-35].  All  the  films 
with  different  additives  follow  this  behavior. 

Although,  the  oxygen  evolution  reaction  onset  is  always 
at  the  same  value  of  potential,  for  nickel  pure  or  composite 
electrodes,  in  lithium  hydroxide  electrolyte,  the  difference 
(Eqe  —  Eo)  is  bigger  for  the  composite  electrodes  than  for 
pure  nickel  hydroxide  due  the  shift  of  oxidation  peak 
potential  to  less  positive  values.  Once  again,  the  electrode 
efficiency  is  improved. 


j  4 - ■ - 1 - ' - 1 - 1 - 1 - ' - 1 - ■ - 1 - ' - 1— 

-0.6  -0.4  -0,2  0.0  0,2  0.4  0.6 

E  /  V  vs.  Ag/AgCl 


Fig.  4.  Cyclic  voltammograms  for  nickel  hydroxide  and  composite  of 
various  composition  electrodes  electrodeposited  on  ITO  in  1  mol/1  LiOH 
solution  (scan  rate:  10  mV/s).  The  first  cycle  of  each  electrode  was 
recorded:  (— )  Ni(OH)2  film;  (- - -)  Ni(OH)2  +  4.6  wt.%  Cd(OH)2 

composite  film;  ( - )  Ni(OH),  +  2.3  wt.%  Co(OH)2  composite  film; 

(■  ■  ■)  Ni(OH)2  +  1.1  wt.%  Zn(OH)2  composite  film. 


Fig.  5.  Cyclic  voltammograms  for  nickel  hydroxide  and  composite  of 
various  composition  electrodes  electrodeposited  on  ITO  in  1  mol/1  LiOH 
solution  (scan  rate:  10  mV/s).  The  first  cycle  of  each  electrode  was 
recorded:  (— )  Ni(OH),  film;  (- - -)  Ni(OH)2  +  5.6  wt.%  Cd(OH)2 
composite  film;  ( - )  Ni(OH),  +  6.8  wt.%  Co(OH)2  composite  film. 


3. 4.  Spectroelectrochemistry 

Potential  changes  affect  the  optical  properties  of  nickel 
hydroxide  thin  films.  The  color  of  the  film  is  related  to  the 
oxidation  state  of  nickel  hydroxide.  Previous  work  [36]  has 
shown  that  nickel  hydroxide  in  the  reduced  state  is  trans¬ 
parent,  no  absorption  band  appears  in  the  visible  region,  and 
the  electrode  transmits  ca.  75%  (A  =  450  nm).  However,  in 
the  oxidized  state,  the  electrode  becomes  dark  brown 
colored  with  a  transmittance  of  3%.  Changes  in  morphology 
and  composition  of  the  films  provoked  by  the  additives 
should  interfere  with  the  optical  response  of  the  electrodes 
and  this  influence  has  been  investigated  and  the  results  are 
described  below. 

Fig.  6  shows  absorption  spectra  obtained  with  Ni(OH)2 
and  Ni(OH)2  +  6%  Cd(OH)2  electrodes  at  different  polar¬ 
ization  potentials.  It  is  possible  to  infer  that  the  optical 
spectra  of  Ni(OH)2  film  have  not  been  changed  because  of 
the  presence  of  the  additive,  but  the  optical  contrast  mea¬ 
sured  was  ca.  55%  (A  =  520  nm)  in  transmittance.  In  spite  of 

Table  4 

Summarized  electrochemical  results  for  composite  nickel  electrodes  in 
lithium  hydroxide  electrolyte,  difference  between  oxidation  potential  (E0) 
and  reduction  potential  (£r),  difference  between  oxygen  evolution 
potential  (£oe)  and  E0.  and  the  ratio  between  oxidation  and  reduction 
charges  ( Qo  and  Qr,  respectively)  for  various  composite  nickel  electrodes 


Additive 

Additive  (%) 

Potential  values  (V) 

Eq  —  Er 

Eoe  ~  Eo 

Qo/Qr 

Ni 

Pure 

0.249 

0.083 

1.08 

Cd 

2 

0.215 

0.118 

1.10 

Cd 

7 

0.198 

0.117 

1.16 

Co 

5 

0.196 

0.117 

0.94 

Co 

6 

0.181 

0.081 

1.08 

Zn 

1 

0.196 

0.089 

1.08 
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Fig.  6.  Absorption  spectra  obtained  at  different  potentials  for:  (A)  Ni(OH)2  film;  (B)  Ni(OH)2  +  5.6  wt.%  Cd(OH)2  composite  film. 


the  fact  that  the  presence  of  cadmium  in  the  composite  leads 
to  the  formation  of  a  film  with  a  lower  contrast,  the  potential 
where  the  colored  state  is  reached  is  less  positive  for 
the  composite  film.  It  must  be  pointed  out  that,  even  smaller 
than  pure  Ni(OH)2,  the  contrast  obtained  is  excellent  for 
practical  applications.  It  must  be  emphasized  that  during 
these  experiments,  the  potential  was  held  for  a  period  of  time 


X  /  nm. 

(A) 

Fig.  7.  Absorption  spectra  obtained  at  different  potentials  for:  (A)  Ni(OH). 
composite  film  (inset  (B'):  Zn(OH)2  film). 


while  the  acquisition  of  data  was  carried  out,  and  it  was  not 
made  by  a  linear  sweep  voltammetry. 

In  a  similar  way,  to  the  composite  film  with  Cd,  films 
containing  Co  as  additive  still  did  not  show  a  particular 
feature  (Fig.  7(A))  that  differs  from  the  nickel  hydroxide 
film  and  the  spectra  shows  that  the  color  change  is  shifted 
to  less  positive  potentials,  albeit  the  optical  contrast  is 


X  /  nm 

(B) 

+  6.8  wt.%  Co(OH)2  composite  film;  (B)  Ni(OH)2  +  l.l  wt.%  Zn(OH)2 
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smaller  compared  with  other  electrodes,  ca.  30%.  This 
behavior  illustrated  that  even  the  reversibility  of  the  elec¬ 
trodes  containing  Co  is  improved,  the  optical  contrast  is 
not  high  showing  poorer  optical  properties  than  composites 
with  Cd. 

Changes  can  be  observed  for  spectra  of  electrodes  con¬ 
taining  Zn  as  additive  (1.1%)  (Fig.  7(B)),  where  a  new  band 
appears  at  ca.  325  nm.  The  inset  Fig.  7(B')  shows  the 
absorption  spectra  of  a  pure  Zn(OH)2  film  prepared  by 
galvanostatic  precipitation  from  a  Zn(N02)2  solution.  As 
can  be  seen,  the  same  band  is  observed  in  pure  Zn(OH)2 
films,  suggesting  that  it  could  be  related  to  zinc  species.  The 
optical  contrast  observed  with  these  composite  electrodes 
was  around  63%.  Although,  this  value  is  the  highest  one 
found  among  all  the  electrodes  studied,  this  film  presents  a 
great  problem  that  must  be  overcome:  the  electrode  is  not 
reversible  and  in  the  second  cycle  the  efficiency  and  the 
optical  contrast  dropped  by  half. 

4.  Conclusions 

By  coprecipitating  Cd,  Co,  and  Zn  in  nickel  hydroxide 
films,  the  final  composite  electrode  prepared  are  in  the  forms 
of  (Ni,  Cd)(OH)2,  (Ni,  Co)(OH)2,  and  (Ni,  Zn)(OH)2  with 
different  percentages  of  additives.  The  film  composition 
changed  with  the  additives,  and  coprecipitation  of  Cd  and 
Co  occurred  as  expected,  the  amounts  of  salt  in  the  solution 
were  close  to  the  quantities  of  additives  found  in  the  film  by 
ICP-AES,  but  for  Zn  the  results  were  different.  For  small 
quantities  of  Zn  in  solution  (5%),  the  resulting  film  has  a 
very  little  zinc  hydroxide  precipitated  (1%)  as  a  result  of  the 
amphoteric  zinc  character  forming  a  soluble  complex  in  the 
substrate-solution  interface  due  to  the  high  concentration  of 
OH-  species.  On  other  hand,  if  the  amount  of  zinc  in 
solution  is  increased  (10%),  the  additive  coprecipitation  is 
much  higher  (ca.  47%)  than  predicted. 

Composite  films  with  Co  showed  a  very  compact  structure 
and  similar  to  nickel  hydroxide  films,  revealed  by  the  AFM 
images,  as  expected  due  to  the  similar  physical  properties  of 
the  Co2+  and  Ni2+  ions.  However,  films  with  Cd  and  Zn  as 
additives  present  very  distinct  superficial  morphology  from 
that  of  nickel  hydroxide  films,  with  globular-type  features 
separated  by  crevices.  This  is  expected  since  the  additives 
physical  properties  (e.g.  ionic  radii)  are  very  different  from 
nickel  hydroxide. 

Electrodes  with  2%  Cd  showed  the  lowest  oxidation 
potential  and  the  most  reversible  behavior.  In  the  first  cycle 
also  Zn  additions  promote  a  diminution  of  the  difference 
between  the  oxidation  and  reduction  potentials,  but  the 
efficiency  of  the  electrode  drops  for  subsequent  cycles 
due  to  incomplete  reduction  of  the  electrode.  The  additives 
also  promote  a  displacement  of  the  oxygen  evolution  poten¬ 
tial  to  more  positive  values. 

Spectroelectrochemical  experiments  revealed  that  com¬ 
posite  films  still  keep  the  electrochromic  behavior  of  the 


nickel  hydroxide  thin  film,  showing  acceptable  optical 
parameters  for  practical  applications. 
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